Introduction
Lenalidomide is an effective agent in the treatment of myelodysplastic syndromes (MDS) especially in cases with interstitial deletions of the long arm of chromosome 5 (del(5q)). [1] [2] [3] [4] The disease phenotype in patients harboring this cytogenetic anomaly is related to haploinsufficiency of genes found in the commonly deleted region (CDR) on chromosome arm 5q. [5] [6] [7] [8] [9] In non-del(5q) MDS patients, lenalidomide appears to function by a distinct mechanism to induce erythropoiesis although the clinical response is much less robust. [10] [11] [12] In patients harboring the del(5q) anomaly, the activity of lenalidomide may correlate with effects on genes found on the remaining sister chromosome thereby recapitulating the normal diploid state. Reinduction of the tumor suppressor gene SPARC has been documented following lenalidomide exposure. 13 Loss of key phosphatases (Cdc25c and PP2a) centromeric to the CDR has also been shown to play a role in lenalidomide-induced apoptosis of clonal hematopoietic precursors. 5 A number of microRNAs (miR) have been implicated in the pathophysiology of MDS. In MDS with del(5q), haploinsufficiency of miR-143, miR-145 and miR-146a has been shown to play a causative role in the development of the characteristic megakaryocytic dysplasia, thrombocytosis and dominance of the del(5q) malignant clone. 6, 8 Both miR-145 and miR-146a regulate a number of anti-apoptotic and proliferation pathways. [14] [15] [16] [17] In MDS, dysregulation of such miRNAs has been proposed as one mechanism providing a growth advantage to affected clones within the marrow niche. 6, 18 That said, only miR-145, along with miR-143, are found in the chromosome 5q CDR.
We examined whether lenalidomide could re-induce the expression of these key miRNAs and mRNAs found in the CDR that are retained on the remaining normal sister chromosome. We hypothesized that this would selectively remove the pro-survival signal in affected clones and would be predictive of response. By using pre-treatment patient samples and short in vitro exposure to the drug, we expected to identify direct targets of lenalidomide in the malignant CD34 + clone. We also modeled the selective sensitivity of del(5q) clones to lenalidomide by examining clonogenic progenitor potential of human CD34 + cells depleted of miR-143 and miR-145.
Design and Methods

Cell selection and culture
Initial optimization studies were performed using 14 cord blood (CB) samples from healthy donors. Lineage-negative We examined whether lenalidomide exposure up-regulates miRNAs and mRNAs, previously shown to play a role in the disease phenotype of del(5q) myelodysplastic syndrome, in pre-treatment CD34 + marrow cells. We hypothesized that increased expression would predict for clinical response. Changes in miR-143, miR-145, miR146a, miR-146b, miR-378, miR-584, SPARC and RPS14 were examined in del(5q) (n=10) and non-del(5q) (n=18) myelodysplastic syndrome patient samples. Significantly increased expression of miR-143 (1.8-fold and 1.5-fold in del(5q) and non-del(5q), respectively), and miR-145 (1.9-fold and 1.6-fold in del(5q) and non-del(5q), respectively) was observed. In the del(5q) myelodysplastic syndrome cohort, transfusion independence correlated with a 1.3-fold or more increase in miR-145 expression and response over 12 months correlated with a 1.5-fold or more increase. Knockdown of miR-143 and miR-145 in cord blood CD34 + cells resulted in increased erythroid progenitor activity. Lenalidomide selectively abrogated progenitor activity in cells depleted of miR-143 and miR-145 supporting a key role for miR-143/145 in the sensitivity to lenalidomide of del(5q) myelodysplastic syndrome patients.
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cells from mouse marrow were also examined. Clinical samples were from 29 patients with MDS (10 del(5q) and 19 non-del(5q)). The cohort consisted of patient samples from British Columbia, Washington, Florida and Germany. Sample use was approved by the institutional review board at each site. Karyotype was determined as per local practice.
Cryopreserved cells were separated based on CD34 + status by positive selection (EasySep Human CD34 Positive Selection Kit, StemCell Technologies Inc., Vancouver, Canada). Lineage-negative murine cells were similarly selected (EasySep Mouse Hematopoietic Progenitor Cell Enrichment Kit, StemCell Technologies Inc., Vancouver, Canada). Cells were cultured in vitro for 48 h with either lenalidomide (10 mM) or DMSO. The small and large RNA fractions were isolated (mirVana PARIS kit, Ambion, Austin, TX, USA). Expression was determined by RTqPCR (Invitrogen, Carlsbad, CA, USA). miRNAs assayed included miR-143, miR-145, miR-146a and miR-146b, as well as miR-378 and miR-584 which are also found within the CDR. Expression was normalized to 5S miRNA. mRNAs examined included RPS14 and SPARC. mRNA expression was normalized to GAPDH mRNA. Foldchange was compared to baseline defined by expression in DMSO-exposed control samples. Further details are described in the Online Supplementary Appendix and Online Supplementary Table S1 .
Correlation with clinical outcome
We attempted to correlate the in vitro miRNA and mRNA expression changes with clinical outcome. A range of fold-changes (1.3-, 1.5-and 2-fold) were examined in relation to response. 19, 20 Lenalidomide administration and dose modification was at the discretion of the treating physicians at each center. Complete clinical data were available for 28 of 29 patients. Transfusion independence (TI) was examined as the primary clinical end point. A durable response was defined as one lasting for more than 12 months.
Knockdown experiments
To model both the survival advantage and the selective inhibition of del(5q) hematopoietic progenitors induced by the lack of key miRNAs, CB CD34 + progenitors were depleted of miR-143 and miR-145 using lentiviral miRNA decoy constructs as described previously. 6, 21 Decreased expression of miRNAs was confirmed by RT-qPCR. In addition, changes in miR-143, miR-145 and SPARC expression were examined in transduced cells in the presence of lenalidomide and compared to controls with DMSO alone. Clonogenic progenitor assays were performed following treatment of transduced cells in vitro with lenalidomide (10 mM) or vehicle (DMSO). Colony forming cells (CFCs) were scored after 14 days. Further details are described in the Online Supplementary Appendix.
Results and Discussion
Initial optimization studies with CB samples were performed to identify the cell population most sensitive to lenalidomide-induced changes in miRNA and mRNA expression. Exposure to lenalidomide led to the upregulation of miR-143, miR-145 and SPARC. No significant increase in miR-146a, miR-146b or RPS14 was observed.
Importantly, the CD34 + fraction was found to be most sensitive to changes in miRNA and mRNA expression (Online Supplementary Figure S1A and B). Mouse marrow hematopoietic progenitor cells (lineage-negative) were also examined but did not respond to lenalidomide exposure with induction of miR-143 or miR-145, suggesting that mouse cells cannot be used to study the effect of this immunomodulatory drug (Online Supplementary Figure  S1C) .
We next examined the effect of lenalidomide on marrow samples from 29 patients with MDS (10 del(5q) and 19 non-del(5q)). Of particular importance was the focus on CD34 + cells from pre-treatment marrow samples as this fraction is enriched for the diseased clone. As such, any changes would be attributed to effects on the dysplastic population rather than re-expansion of normal CD34
+ cells post-therapy as might be observed if comparisons are made between pre-and post-treatment marrow samples.
Examining the entire cohort, only the CD34 + fraction showed evidence of a significant change in miRNA expression ( Figure 1A ). In the del(5q) cohort, a statistically significant change in miR-143 (1.8-fold) and miR-145 (1.9-fold) expression was seen ( Figure 1B ). In the non-del(5q) cohort a similar but less pronounced miRNA upregulation was noted (1.5-and 1.6-fold increase in miR-143 and miR-145, respectively; Figure 1B) . No statistically significant changes in miR-146a, miR-146b, miR-378 or miR-584 expression were observed. The effect of lenalidomide on mRNA expression was also examined. RPS14 levels did not change significantly after exposure to lenalidomide irrespective of cell fraction or del(5q) status. SPARC levels did however increase significantly ( Figure 1C ). This was irrespective of del(5q) status (2.8-and 5.2-fold in del(5q) and non-del(5q), respectively; Figure 1D ). Overall, the miRNA and mRNA changes observed in patient samples were similar to those seen in normal CD34 + cells from cord blood suggesting a direct effect on gene expression rather than a secondary effect of eliminating the malignant cell population.
Given the important role these gene products play in hematopoiesis we postulated that induction after in vitro exposure to lenalidomide could act as a marker for therapeutic responsiveness. As this finding has yet to be described, no thresholds correlating gene expression and response have been established. As such, we examined a range of fold-changes in relation to clinical outcome. As expected, a high rate of TI was seen in del(5q) patients (90%) compared with non-del(5q) patients (22%). In del(5q) patients a 1.3-fold or more increase in miR-145 expression correlated with TI ( Table 1) . Seven of 9 responding del(5q) patients maintained their TI for more than 12 months and this correlated significantly with a 1.5-fold or more increase in miR-145 expression. No statistically significant correlation between response or response duration and miR-143 expression was seen. A trend to significance was also noted for the correlation between a 1.3-fold or more increase expression of SPARC mRNA and TI but not with response duration. Interestingly, the single non-responding patient in the del(5q) cohort did not show increases in either miR-145 or SPARC expression, suggesting microdeletion or epigenetic regulation in the CDR of the retained allele. In the nondel(5q) cohort there was no statistically significant correlation with response or response duration and miRNA or mRNA expression at any threshold. 
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These data support the hypothesis that re-induction of key gene products found within the CDR is required for the selective drug activity in del(5q) patients. In addition, induction of miR-145 may act as marker for improved therapeutic outcomes. While a specific threshold of expression may exist, small sample size limits conclusions in this regard. Indeed, it is difficult to obtain large numbers of samples with del(5q) with sufficient numbers of viable cells to perform these experiments.
In order to further support our hypothesis, we attempted to model the survival advantage and the selective inhibition of del(5q) hematopoietic progenitors by lenalidomide. Viral transduction with an miRNA decoy successfully decreased intracellular miR-143 and miR-145 levels ( Figure 2A ). The depletion of target miRNAs led to increased erythroid progenitor activity as measured by BFU-E numbers, compared to empty vector transduced cells ( Figure 2B ). These data support the hypothesis that depletion of these key gene products imparts a survival advantage on affected clones. We then examined the effect of lenalidomide exposure on these cells. Importantly, there was no significant decrease in BFU-E, CFU-GEMM or CFU-GM formation in control cells transduced with the empty vector ( Figure 2B ). However, in cells transduced with the miRNA decoy, a statistically significant decrease in BFU-E was seen in the presence of lenalidomide ( Figure 2B ). This finding implies that, in addition to gaining a survival advantage over their normal CD34 + counterparts, cells lacking miR-143 and miR-145 are also selectively sensitive to lenalidomide. It is important to note that in miR-143/145-decoy cells there was no effect on baseline SPARC expression or the expected increase after lenalidomide exposure ( Figure 2C ). In addition, miR-143 and miR-145 expression was markedly diminished in transduced cells indicating that expression was effectively inhibited by the decoy ( Figure 2D ). These functional data corroborate the observations correlating miR-145 induction and therapeutic response.
In this study, we demonstrate that lenalidomide induces changes in key miRNA and mRNAs found within the CDR that characterizes del(5q) MDS. It confirms previous observations of lenalidomide-induced SPARC gene expression in dysplastic progenitor cells, and is the first to show induction of miR-143 and miR-145. Importantly, it is the first study attempting to correlate expression changes in these 3 genes with outcome. Despite the small sample size, our findings suggest that miR-145 induction may be an important predictor of response to lenalidomide in patients with MDS with del(5q). Recent work provides a mechanistic basis for the clinical effect of lenalidomide via the miR-145 pathway. Loss of miR-145 has been shown to lead to upregulation of Fli-1 and TIRAP, the downstream effects of which result in characteristic megakaryocytic dysplasia and thrombocytosis, respectively. 6, 8 Based on the data presented here, downregulation of miR-143 and miR-145 also imparts increased clonogenic progenitor activity and selective sensitivity to the action of lenalidomide. Importantly, it appears that the drug has limited effect on the hematopoietic differentiation potential of normal CD34 + cells. Rather, lenalidomide selectively inhibits cells with depleted levels of miR-143 and miR-145, as would be found in del(5q) clones.
In MDS with del(5q), lenalidomide treatment likely does not reverse the potential for ineffective erythropoesis; this trait is caused by the loss of genetic material from chromosome 5. Rather, the drug alters the mechanisms required for these abnormal cells to flourish allowing normal progenitors to re-establish themselves within the marrow niche. Importantly, this effect seems to be most pronounced in altering faulty erythroid differentiation as evidenced by the suppression of BFU-E formation in cells lacking miR-143 and miR-145 in vitro. This is in line with the clinical observation that lenalidomide primarily functions to improve the anemia caused by ineffective erythropoiesis; a key feature of MDS with del(5q). However, it is important to recognize that lenalidomide likely does not completely eliminate the malignant clone. 22 This corroborates the clinical observation that ongoing treatment with the drug is often required and that its removal will again uncover the clonal advantage leading to a return of the disease phenotype with proliferation of the affected clone.
It is interesting that, despite similar patterns of gene induction, poor correlation of miRNA or mRNA expression with clinical response in the non-del(5q) cohort indicates that lenalidomide is likely acting on alternate pathways in these genetically diverse cells. Given that these patients did not harbor deletions of chromosome 5q, it would not be expected that these genes play a role in the disease phenotype. As such, upregulation by the drug would have little impact on clinical outcomes.
While the study cohort is small, the statistically significant correlation seen between miR-145 expression, TI and C.P. Venner et al. 412 haematologica | 2013; 98(3) response duration, combined with supportive functional studies, suggests an important role for miR-145 induction in response to lenalidomide. Further data may help broaden the understanding of the pathophysiology of del(5q) and the mechanism of action of targeted agents.
